Abstract Recent measurements of the temperature profiles across the liquid-vapor interface of a steady evaporating liquid were performed in a thin planar liquid layer subjected to externally imposed horizontal temperature differences when the interface was open to air. Temperature discontinuities have been found to exist at the interface with an growing tendency as the imposed horizontal temperature difference increasing. Under the co-influence of thermocapillary convection and evaporation effect, a thin layer of 0.5 mm thick with approximate uniform temperature was found just below the liquid-vapor interface. Repeated experiments and further comparisons of the interfacial temperature profiles for different spatial positions along the streamwise center line and varying depths of the liquid layer were also carried out. And the temperature discontinuity was found related to the temperature in liquid phase, which was strongly influenced by the coupling of thermocapillary convection and evaporation effect.
Introduction
Evaporation or condensation process has given rise to increasing interests owing to not only its wild existence in nature but also its great applications in industry engineering, such as thin-film evaporators, heat pipes and boiling equipments. Many experimental and theoretical studies have been performed to understand the physical mechanisms for liquids evaporating across the liquid-vapor interface freely. Since the classical kinetic theory of gases (KTG) provided the molecular basis for understanding the evaporation process over one century ago (Hertz 1882; Stefan 1891; Knudsen 1915) , the thermal equilibrium (continuity of temperature) was usually assumed across the liquidvapor interface. However, a temperature discontinuity at the liquid-vapor interface has been reported by several researchers. Ward and co-workers (Fang and Ward 1999a; Ward and Stanga 2001; McGaughey and Ward 2002; Ward and Duan 2004) carried out a series of experiments in a vacuum chamber with pure water, significant temperature discontinuities up to 7.8 • C were found at the liquid-vapor interface and the vapor temperatures close to the interface were always higher than those in the liquid phase under the steady-evaporation condition. It is interesting that the temperature discontinuity was strongly depended on the vapor pressure, with increasing temperature discontinuity as the vapor pressure decreasing. Compared between Ward's results and the predictions by classical kinetic theory, a great conflict was found for the evaporating rate at the interface. Therefore, Ward and Fang (1999) and Fang and Ward (1999b) proposed statistical rate theory (SRT) to predict the liquid evaporating rate based on the measured temperature discontinuity at the interface. And the SRT approach was found accurately to predict the experimental conditions. It is reasonable to suppose that the KTG with the assumption of thermal-equilibrium at the liquid-vapor interface could not effective in an evaporating liquid-vapor system. During evaporation, an essential mechanism is that evaporation leads to intensive cooling of the liquid-vapor interface. In previous literatures, evaporation has been found to influence the interfacial temperature profile and the convective instability significantly (Yamamura et al. 2003) . Recently, motivated by the great requirements in space engineering, people began to take evaporation into account when studying the instability of surface-tension-driven convection. Thermocapillary convection is one of the most mentioned convection, which is driven by the surface tension gradient induced by temperature variations along the free interface. Actually, many experimental and numerical works have been done to identify and enrich understanding of the instability mechanisms of thermocapillary convection since Smith and Davis (1983a, b) performed linear stability analysis of a liquid layer subjected to a horizontal temperature gradient. Undoubtedly, the cognizance for the pure thermocapillary convection has been basically clear.
According to previous researches on the convective instability with an evaporating liquid-vapor interface, evaporation and thermocapillary convection were found to always couple with each other and co-influence the interfacial characteristics, such as interfacial temperature and pressure (Ji and Liu 2008; Zhu and Liu 2010) . Actually, besides the temperature discontinuity across the liquid-vapor evaporating interface, Ward and co-workers (Duan and Ward 2005a, b; Duan et al. 2005 ) also found the existence of the thermocapillary convection in the steady-evaporating water. After careful measurements, the results indicated that thermal conduction to the interface could not provide enough energy for the evaporation at the liquid-vapor interface, and perhaps thermocapillary convection transport and provide the remaining heat energy. Of all the required heat to evaporate the liquid at the observed rate, thermocapillary convection could account for as much as 50 % in maxima. Also, an uniform-temperature layer with a thickness of about 0.5 mm just below the interface was observed and it is reasonable to suppose that this may be resulted from the coupling influence of thermocapillary convection and evaporation.
In above-mentioned literatures, people either treated the liquid-vapor interface under thermal equilibrium based on classical kinetic theory of gases (KTG), or observed the temperature discontinuity only by use of water at 4 • C in extreme vacuum conditions as low as serval hundred pascals. It is not certain if the temperature discontinuity could be universal to extend to general-existing air conditions, such as around room temperature and standard atmospheric pressure.
Anyhow,the coupling influence of evaporation effect and thermocapillary convection on the heat transfer at the liquidvapor interface is complex and need to be understood. In this paper, we focus on the non-equilibrium effect of evaporation. And experimental results will be presented on the vertical temperature profiles across the liquid-vapor interface concerning the co-influence of evaporation effect and thermocapillary convection in a thin free evaporating liquid layer with the interface open to air.
In the following, "Experimental Setup and Measurement Techniques" first describes details of the apparatus for measurements. In "Results and Discussion", the experimental results obtained from a quasi-evaporating liquid layer will be presented, including the temperature discontinuity at the liquid-vapor interface for different horizontal temperature differences, streamwise positions and depths of the liquid layer. Finally, major conclusions and preliminary discussion of the work are summarized in "Conclusion".
Experimental Setup and Measurement Techniques
The experiments were carried out in a rectangular test cell, with a length and width of 80 mm and 40 mm, respectively, as shown in Fig. 1 of the overall schematic diagram of the experimental apparatus. As we know, as soon as a horizontal temperature gradient achieves parallel to the liquid-vapor interface, there will be immediate thermocapillary convection along the interface, which is induced by the distributed liquid surface tension at the free interface. The test cell we used were constructed of two aluminum blocks at opposite sides for thermal control and two pieces of optical glass perpendicular to the two aluminum sidewalls for experimental observations. Actually, the thermal conductivity of aluminum is two orders of magnitude better than that of optical glass, which could minimize the thermal disturbance conducted from the glass sidewall. On account of the same consideration, the bottom wall of the test cell was also made of optical glass to play the role of thermal insulation. Before each experiment, the test cell was leveled with good precision over x-and y-directions. In present paper, we studied the evaporating liquid layer with free liquid-vapor interface, i.e. the liquid layer evaporated freely with the test cell open to air. During the whole experimental process, the room temperature, which was controlled by an air conditioner to be stable at 20 • C, atmosphere pressure and humidity were measured using a weather station. The present evaporating experiments were carried out under atmosphere temperature of 20 • C, pressure of 1 atm and humidity of 40-50 %. In addition, the whole apparatus was placed in a plexiglas box to minimize disturbance of the environmental air flow.
The thermocapillary convection was induced by means of the horizontal temperature difference ( T ) control of the two aluminum sidewalls of the test cell. Cool water with constant temperature flowing out of a refrigerated circulator was circulated into the left sidewall, and the accuracy of the temperature could be 0.02 • C. Meanwhile, an electrical heater was attached to the another aluminum sidewall, of which the temperature was controlled by PID loops with an accuracy of 0.05 • C. In present experiments, four thermocouples were insert into the aluminum sidewalls to monitor the temperature variation, and the results verified the imposed temperatures' uniformity and stability.
In order to measure the interfacial temperature profiles accurately, a type T thermocouple with a diameter of 50 μm was chosen due to its advantages of good spatial resolution, rapid response time (0.02 s) and small size to avoid disturbance to the liquid layer inner flow. The thermocouple could be moved at different directions with the help of a 3-axis electric translation stage with an accuracy of ±1 μm. The temperatures were acquired by a data acquisition system. A computer programmed and controlled the translation stage and the data acquisition system to obtain the temperature data at different spatial and temporal intervals. Before using the thermocouple, we verified and calibrated the thermocouple by measuring typical temperature of boiling point of several liquids, such as ethanol, water, FC-72 and acetone.
In present experiments, temperature was measured by moving down the 50 μm thermocouple vertically from vapor to liquid phase. The thermocouple was first positioned 1.0 mm above the liquid-vapor interface to begin measuring the vapor temperature. Near the interface, the interval between two measurement in the vertical direction was 50 μm in the vapor and liquid phase. Additionally, it took about 15 s for recording each measurement and calculating the average temperature with the hypothesis of steady-state. Comparing with the much smaller response time (0.02 s) of the thermocouple, this measuring interval could ensure the accuracy.
A silicone oil with kinematic viscosity of 0.65 cSt, Plandtl number of 10 was put into the test cell before each experiment, of which the thermo-physical properties at 25 • C and 1atm were presented in Table 1 . It was chosen not only for its desirable constant physical characteristic, resistance to surface contamination and extensive use in industry, but also for its relatively high saturated vapor pressure under atmosphere condition.
Decrease of the liquid layer thickness induced by evaporation effect was monitored at the center of the layer in use of a laser co-focal displacement meter with an accuracy of 0.3 μm. The measurement indicated that the layer thickness decreased approximately linearly with time (Zhu and Liu 2010) , which partly supported the hypothesis of quasi-stable evaporating condition in present experiments. Under the above quasi-stable condition, we performed the measurements as soon as possible, and the liquid layer thickness in one experiment was assumed to be approximately constant with the evaporation-induced decrease of 5 %.
Results and Discussion
Several experiments of thermocapillary convection coupling with evaporation effect have been carried out for different horizontal temperature differences ( T ) in use of the above-mentioned experimental apparatus and measurements techniques. The interfacial temperature profiles, especially the vertical temperature discontinuities close to liquid-vapor interface were measured to analyze the nonequilibrium problem influenced by evaporation effect and thermocapillary convection.
To suppress the un-removable buoyancy effect, i.e. Rayleigh convection in ground experiments, the depth of the liquid layer should be set as thin as possible based on the definition of Bond number, which reflect the relative dominant of Rayleigh convection and thermocapillary convection. In present experiments, the depths of the liquid layers were always set to be smaller than 2.0 mm. After the temperature difference ( T ) between the two aluminum blocks and the horizontal temperature gradient in the liquid layer to be constant, temperature profiles at the vertical direction near the interface were measured by the 50 μm thermocouple. Firstly, the measurements were performed at the center point of the test cell. Figure 2 shows the vertical temperature profiles across the vapor-liquid phase for a 2.0 mm 0.65 cSt liquid layer with the temperature difference ( T ) varying from 2 • C to 10 • C. It could be seen from Fig. 2 that temperature discontinuities were also found across the vapor-liquid interface, as reported by Ward and Duan (2004) . Whereas, it should be noted that our results were different from Ward's results in temperature gradients with vapor temperature higher than liquid temperature. It is mainly because of differences in experimental conditions. Ward's experiments were performed with a 4 • C water to suppress buoyancy effect, which means temperatures in vapor phase are always bigger than that in liquid. In present paper, the temperature differences ( T ) were achieved with the temperature of cold aluminum sidewall close to atmosphere while the temperature of hot side higher than atmosphere. Therefore, temperatures in vapor phase are lower than that in liquid in most cases. Additionally, Ward performed experiments in a vacuum chamber with very low pressure to greatly enlarge evaporation effect. While present experiments were carried out in a free evaporating condition with the test cell open to air. It is indeed the relatively weak free evaporation resulting in smaller temperature discontinuities in present results compared with that found by Ward.
As shown in Fig. 2 , there are different interfacial temperature profiles at the vertical direction with varying imposed temperature differences ( T ), which is mainly induced by the co-influence of evaporation effect and thermocapillary convection. As we know, evaporation effect takes heat energy from the liquid-vapor interface to ambient air and reduces the interfacial temperature. While for thermocapillary convection, there will be an immediate convective flow from the hot side to the cold side at the interface, and a return flow at the bottom of liquid layer, as soon as the imposed horizontal temperature gradient in the liquid layer is established. This flow will bring heat energy from the hot side to increase the overall interfacial temperatures. When the temperature difference was small ( T = 2 • C), thermocapillary convection was relatively weak to slightly increase the interfacial temperature in the liquid layer with the temperature distributing in the liquid phase linearly as seen in Fig. 2a . While the evaporation effect was dominant in this case, more heat was absorbed from liquid than vapor due to the big thermal conductivity in liquid, which resulted in a temperature discontinuity with the interfacial temperature in vapor greater than that in the liquid by 0.28 • C. It is noted that same temperature discontinuity trends were both found in Popov's (2005) and Ward's (2001) experiments, which they inferred that condensation took place at the interface to release heat to the vapor phase after long-time stabilizing due to the relatively low liquid temperature. While in present experiments, the liquid temperatures were controlled to be always bigger than the vapor temperature, which means no condensation occurring at the vapor-liquid interface. When the temperature was low, it was inferred that the thermocapillary convection was not powerful enough to drive heat energy from the hot sidewall to sustain evaporation. Therefore, evaporation also absorbed heat from the vapor phase, which cooled the vapor temperature neighboring the liquid-vapor interface. Actually, recent numerical work by Saada et al. (2013) also found that the needed energy for evaporation was taken mainly from the gas phase when the efficiency of heat transferring was low.
With the temperature differences ( T ) increasing to 4 • C and 6 • C, thermocapillary convection would be strengthened to bring more heat energy from the hot side to the cold side, which increased the overall interfacial temperatures. In the meanwhile, more heat was needed to absorb from the vapor and liquid phase to sustain the enhancing evaporation effect, which accordingly decreased interfacial temperatures in the vapor and liquid phase. For the liquid phase, heat was transported by thermocapillary convection from hot side to supply the heat loss taken by evaporation, while no heat is supplied in vapor phase. As a result, a clear temperature discontinuity of 0.12 • C with the interfacial temperature in liquid greater than that in the vapor could be found. For the thermocapillary convection, the maximal flow carrying more heat is at the interface. Eventually, temperature rise by thermocapillary convection and temperature fall by evaporation at the interface achieved a balance, and an uniform-temperature layer with the thickness of about 0.5 mm was found, as indicated in Fig. 2b, c .
If the imposed temperature differences continued increasing ( T = 8, 10 • C), bigger temperature discontinuities were found near the liquid-vapor interface, 0.25 • C and 0.34 • C as seen in Fig. 2d and Fig. 2e , respectively. This mainly involved stronger thermocapillary convection induced by the increased temperature differences. Moreover, the enhancing thermocapillary convection flow extended into the whole liquid layer, and the bulk temperature below the interface were also enlarged. Additionally, a hydrothermal wave propagating obliquely from the cold to hot sidewall was found by the shadowgraph method with the temperature difference of 6 • C, while developed into turbulence with the temperature difference of 10 • C. It is very likely that the hydrothermal wave destroyed the thermal balance of evaporation and thermocapillary convection, which decreased the interfacial temperature in the liquid phase. The coupling of overall temperature rise by thermocapillary convection and interfacial temperature fall by evaporation and hydrothermal wave in the liquid layer resulted in the maximal temperature about 0.5 mm below the interface.
Temperature Discontinuity Distribution Along the Center Line
The temperature discontinuity distribution was also measured along the center line paralleled to the horizontal temperature gradient at the positions with distances of 10, 15, 20, 25, 30 mm from the cold sidewall to establish its dependence on the position at the interface, as shown in Fig. 3 . In Fig. 3 , similar tendency could be found at different positions: there was a temperature discontinuity with the interfacial temperature in vapor greater than that in the liquid probably induced by condensation at the interface when the temperature difference was small ( T = 2 • C); A positive temperature discontinuity, i.e. interfacial temperature in vapor lower than that in the liquid, was achieved and it increased as the temperature difference increasing from 4 • C to 10 • C. In addition, we found that the temperature discontinuity grew approximately linear from left to right of Fig. 3, i. e. from the cold side to the hot side of the liquid layer, of which we think owing to the interfacial temperature increasing from the cold wall to the hot wall (Fig. 4) . More heat energy was brought by coupling of thermocapillary convection and thermal conduction in the liquid layer, while only thermal conduction worked for heat transfer in vapor phase. Consequently, temperature in liquid grew more than that in vapor with the increasing temperature difference. In other words, the temperature discontinuity was found to be strongly related to the interfacial temperature. And this result also partly supported Badam's conclusion (Badam et al. 2007 ) that the temperature discontinuity strongly depended on the heat transfer from vapor or liquid phase. Note that the maximal temperature discontinuity was not at the position of 30 mm when T = 10 • C. It is mainly because that co-influence of relatively strong thermal conduction and buoyancy convection increased the temperature in vapor at high temperature difference. To verify the influence of the liquid layer depth on the temperature discontinuity, repeated experiments have been performed to measure the interfacial temperature profiles at the center point of the test cell across vapor-liquid phase under three different depths of the liquid layer, 1.0 mm, 1.5 mm and 2.0 mm, in 0.65 cSt silicone oil. Note that these experiments were carried out in same conditions, i.e., same test cell, same ambient temperature and same horizontal temperature differences ranging from 2 • C to 10 • C. The comparison of the three temperature discontinuities versus temperature differences ( T ) is presented in Fig. 5 . In Fig. 5 , it could be seen that the three temperature discontinuity evolutions all exhibited rising linear tendency from negative to positive with T increasing from 2 • C to • C. As we know, thermocapillary convection is directly influenced by the depth of liquid layer. Investigation of the flow fields showed that thermocapillary flow was usually enhanced in a deeper liquid layer. This means that more heat energy was transported from the hot side to the cold side in a deeper liquid layer. Although the evaporating was also strengthened, synchronous enhancing thermocapillary flow could bring more heat energy to compensate the heat loss taken by evaporation. Eventually, the interfacial temperature was always higher in deeper liquid layer at center point (Zhu and Liu 2010) . As we mentioned above, the temperature discontinuity was strongly related to the temperature at the liquid-vapor interface. That's why we think that the temperature discontinuity grew with the increase of the liquid depth in Fig. 5 .
Conclusion
Coupling influence of evaporation effect and thermocapillary convection on the vertical temperature profiles across the liquid-vapor interface was investigated experimentally. A temperature discontinuity has been found at the evaporation liquid-vapor interface. And the influences of imposed horizontal temperature differences, the streamwise spatial positions along the center line of the test cell, depths of the liquid layer were considered to analyze the physical mechanisms preliminarily. With the temperature difference increasing, the temperature discontinuity had a transform from negative to positive owing to the enhancing thermocapillary convection in the liquid. And the temperature discontinuity also increased as the temperature difference increasing.
The temperature discontinuity at the free interface was found to be strongly related to the liquid surface temperature. Similar tendency with an approximate linear increase from the cold side to the hot side of the test cell were both found for the temperature discontinuity and the liquid surface temperature.
The temperature discontinuity grew with the increase of the liquid depth at the center point of the test cell, which was mainly resulted from the strengthened thermocapillary flow in deeper liquid layer.
Actually, there were always controversies on the temperature discontinuity and the depth of the liquid-vapor interface. Some people treated the interface as a non-thickness layer and the temperature discontinuity indeed existed across the interface. While another viewpoint doubted the existence of the temperature discontinuity, which was thought to be actual sharp temperature gradient across the interface with small thickness. In general, more work and further investigations are needed to fully understand the new found evaporating phenomenon.
